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Abstract: The performance of industrial systems is influehlog external factors, such as supply chain digsapt The
system usually cannot influence them much and mttstely adapt to those external factors. On timeohand, there
are also internal factors such as process syndatom and communication or resource allocationchviare entirely
within the control of the system. Communication agdchronization need to be continuously monitaed assessed
for various standard and non-standard situatiolws. dach complex problems, which usually cannot tleesl in
acceptable time and resources by simple or exatitang simulation is suitable and often used. Hhigly uses
simulation models to identify bottlenecks and pgaorrective measures in a conveyor system usegrdoessing
customer-returned goods. Two simulation tools, dewatix Plant Simulation (TPS) from Siemens PLM @®afie and
AnyLogic software from AnyLogic Company, were usedmodel the system and test potential optimizatiorhe
analysis identified critical bottlenecks, allowirigrgeted interventions, such as increasing convepaeds and
optimizing input rates, which led to significantpnovements in throughput and operational efficiefaythermore, the
study demonstrates how simulation results can gdefgsion-making in areas such as resource altotatiapacity
planning, and maintenance scheduling. While TPSqutanore effective for detailed bottleneck analy8isyLogic’s
multi-method capabilities highlight its suitabilityr hybrid applications. The findings underscdre value of simulation
in optimizing complex systems and provide insigipplicable to other industrial sectors, emphasitiiregpotential of
emerging technologies such as digital twins ané®tlanced models to drive further innovation.

1 Introduction overall operations. Identifying and mitigating betiecks

The industrial system and its efficiency can bémproves efficiency by optimizing process flow and
influenced by internal and external factors. Ingéfactors resource utilization. Several methods and techsiguze
such as process synchronization and resource titlocae ~ be used to find bottlenecks, ranging from softdaaich as
crucial for optimizing System performance’ whilgéezral effective communication to sophisticated tools suach
factors like supply chain disruptions, fluctuaticgstomer ©Optimization [3] or simulation models [4]. Efficien
demand, or material shortages impact efficiencyislt cOmmunication and synchronization across system
usually easier for a company manager to look fgfomponents is important as it significantly reduces
bottlenecks in the system caused by internal fadioat downtime and enhances productivity. Simulation loelp
can be more easily changed. Bottlenecks can belfun Managers visualize and test coordination improvesnen
both production and non-production systems. In botfithout disrupting real operations. Properly aligne
systems, a bottleneck may be a machine with a tosgss Workflows ensure that conveyor processes operate
speed or a long process time [1]. Weaknesses mhydm Smoothly, minimizing bottlenecks [1].

a logistics area with a limited flow rate causinggestion, Simulation models are often used to reproduce la rea
the longest process time, the process with the dbweSystem with its dynamic processes in a computeremod
production line capacity, or delays in deliverptber parts The main reason for using computer simulation ie th
of the system caused by repairs and maintenanpartsf.  analysis of managerial problems is the impossjbitit

For manufacturing systems, products or parts wih t using standard analytical tools due to complexityeal
longest processing times, lowest speeds, or higinesess Processes. The main task is to find knowledge that
requirements are usually the main bottlenecks J2]. applicable in the real system. In a broader sesnseilation
bottleneck may also arise on the human resourckes sican be understood as the preparation, implementatid
where there are few or insufficiently qualified wers. €valuation of concrete experiments with a simufatio
Bottlenecks arise when a particular process slowsnd Model [5]. Simulation is a suitable method for &malysis
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of large-scale production and non-production systérat
cannot be investigated using conventional anallytaals
and their direct observation is not possible orldde very
expensive in terms of time and money. The methodesl!
in industrial environments as well as by reseashas
Kovbasiuk et al. [6] mentioned, the benefits of @ation

Models can be created in different types of soféwar
depending on the problem being modelled and the tim
variations involved in running the simulation [Shere are
many simulation models available, and the choigedds
on the type of problem to be solved. Simulation etiedre
divided into deterministic (the input and outputiables

include reducing investment risk, minimizing wasteremain constant) and stochastic (at least oneeghitut or

improving efficiency, reducing energy consumptiard a
even increasing worker health. Simulation can el us

output variables is determined by probability). (Batf
these categories can be static (time is disregarded

the phase of operation of an existing system, i thldynamic (time-dependent interactions among variaate

planning of modifications to this system and in fese
of designing a completely new system. Simulaticars loe
used to find bottlenecks in existing systems, tiemheine
the use of workers and machines, or to test themsys

considered). Dynamic models in both cases are durth
divided into continuous (they rely on differentuations
and attempt to measure changes in the system oontty
over time due to control) and discrete (they react

response to extreme situations [7]. When designingimediately to specific discrete events) [10]. & time

modifications, it is possible to create differenesarios
based on the results of the experiments carrieddity
comparing them, it is possible to select and impgleinthe
most effective modifications to the system reldgive
quickly and easily [5]. When using a simulation rabifbr
the design of new systems, it is possible to eli@rthe
emergence of bottlenecks in the systems, to daterthie
response of the systems to extreme situationscaghektign
a system specifically adapted to the process tapbeated
in it [8]. The great advantage of simulation istthaloes

sequences are needed, only the application of Moatk
simulation could be effective, especially for itara
evaluation of a deterministic model. Monte Carlo
simulation is associated with the systems affedigd
randomness when several different scenarios adeonaly
generated to obtain the probability description tioé
selected results [5]. Monte Carlo simulation rep@dbt of
random experiments to find out the possible outcoBeat
real simulation is usually made via discrete event
simulation model or continuous simulation. Discretent

not directly interfere with the running system. Theimulation (DES) is suitable for dynamic, stochasti

simulation model considers only the factors thégafthe
operation and response of the system, so that itat@bly

systems that change in a discrete manner [11]. BES
common for models of economic and business prosgsse

represent the system's response to real or hypmthet such as production and manufacturing systems [B-891

situations, and the results obtained lead to theigdeof
meaningful measures to improve the system's efiiigie

[9].

call centers or emergency medical services [2djftarent
scenarios and company strategies [8]. The detailed
distribution of the simulation models is shown igu¥e 1.

System model

Stochastic

I Static I ’ Dynamic

Continuous

Discrete

Static Dynamic
(Monte Carlo
simulation) Continuous

Discrete
(Discrete-event
simulation)

Figure 1 Diagram of simulation model types [10]

There are many applications or software for crgatinscenarios,

simulation models today. According to Captera.casi,
there are dozens of options for choosing the pgbgram.

providing *“as-is” models, improving the
existing systems and they are decision-making témis
enterprises. They concluded that TPS and FlexSmbea

Some of the most commonly used simulation prograntaken as the best covering all 11 simulation appres
within DES include AnyLogic, Arena, FlexSim, Plantsuch as 3D imaging, Agent-Based Modelling or stetiba

Simulation, Simio, SIMULS8 or Witness. Kovbasiukadt
[6] tested six DES packages — Arena, Anylogic, Blax

and dynamic modelling. AnyLogic as the second tool
this comparison covers 10 simulation approachédags

SIMUL8, TPS and WITNESS - all of the selectechot have an industry specific database. Yakovied.¢P1]

simulation software packages are aimed at analyttiag
bottleneck processes, exploring possible

used the AnyLogic software platform to build a cdexp

“what-ifSimulation model of the conveyor line based on the
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discrete-event and two agent-based models. Asuét s system being modelled. Banksow et al. [5] mentiasé 8
the simulation, the optimal number of pallets ahé t steps: 1. Formulation of problems, 2. Test of the
optimal batch size of products were determined.L&gyc  simulation-worthiness, 3. Formulation of targetsDéta
was also used to simulate and optimize the coakmieollection and data analysis, 5. Modeling, 6. Execu
production logistics system [26]. TPS was used ie.@ simulation runs, 7. Result analysis and resultpration,
case study [23] to present the possibilities of #aftware 8. Documentation. Sharma [19] described the praoekk

for simulation of production and logistics processe steps: 1. problem formulation, 2. objectives sg#jn3.
identification of bottlenecks in the production pegs and decision about the type of the model, 4. concejzaiidn
experiments leading to increased factory performancof the problem, 5. data collection, 6. softwaresgédbn, 7.
Ashrafian et al. [24] used FlexSim software to mjite the building a simulation model, 8. verification andigation
operation of a fully automated modular conveyotesysin  of the model, 9. model testing and change of inplis

a large-scale warehouse. A full-scale 3D DES mofi#de results description, 11. documents or reports ineat
system was built and time-dependent statistical etsod Finally, Saderova and Ambrisko [23] put all the
were carefully designed and implemented in the mimde methodology steps into the scheme (see Figure Bhwh
order to capture the randomness and complex dysashic we followed in this paper.

the operation. The application of simulation progra
SIMULS to the analysis of production process in pamy — » REAL OPERATION
Alteko, Inc. producing radial fans was presente&bysek
et al. [14]. The main purpose was to identify thélbneck

Simulation tools

¥ v

: System analysis Selection
processes a_nq to suggest the management the dpfEopr of aperation of simulation tool
solution. Within the framework of the conveyor line <
control system development, a simulation model was Creating
created in Emulate3D [1E_>] to verify the correct i@pien a simulation model
of the system control logic. During the simulatipinase, 3
errors in the logic were found and eliminated, It&sy in Verification

an improvement in the operation of the system while

of simulation model

reducing the time required to run the physical devi ¥
Simulation also finds its application in the creatbdf a Proposals, Simulation
digital twin in Industry 4.0. For the robotics sagt recommendations experiments
RobotStudio has proven to be a simulator suitable f ¥
medium-performance computers with a wealth of ¥ Analysis

functionality, which the user can also supplemeittt Wis
own programming [16]. The simulator also enables th
integration of the OPC UA communication protocdhjeh
is enjoying growing acceptance in the industry.the
environment, a digital twin of the robotic labongto System analysis (problem and targets formulaticag w
system, mainly used for research, development amdade by the client, which also gave us a data had t
education, was created, consisting of several de\dach complete description of the system. The main taa& to
as robotic arms, conveyors, automated warehousgs ameate a simulation model to find out all bottldreeand to
vision systemsRobotStudio is also suitable for selectingest the changes in the input rates and convepeeds
and optimizing the parameters of a robotic pacl@gin The choice of simulation tool (software selectioms
process for one type of product. The main elemétie influenced by our capabilities and the needs of the
research [7] was a computer simulation stationdasg¢he modelled system. As the objective was also to coenhee
Picking PowerPac package. It was assumed that ttweo selected simulation programs, we decided for
products on the process line are generated pseud@cnomatic Plant Simulation [26] and AnyLogic [27],
randomly, reflecting the actual working conditiods a which were available for download and testing (sthid
result of the tests performed, the optimal worlspged of version) without payment.
industrial robots and conveyors was obtained. The following chapters contain further steps, ire.
particular the description of the system, the éoeatdf the
2 Methodology model and its verification, simulation experiments,
The basic procedure for creating a simulation modépmparison of results and recommendations for real
has already been outlined by Banks et al. [25]drsteps  System changes. Key metrics used in simulation is@ale
from pr0b|em formulation' through data Co”ectim’ode| based on the statistics taken from several run$ wit
creation, model verification, validation, experirtemith ~ confidence intervals to estimate the precisiomefrhetrics
the model implementation of changes in a real systéis  Such as throughput rate, utilization rates or dlugland
procedure is more or less still followed, or soreps are idle times. Finally, we compare the advantages and
structured in more detail with respect to the ranfrthe disadvantages of the chosen simulation software.

of simulation results

Figure 2 Steps of methodology based on [23]
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3 Problem formulation and description of the conveyor system and its components are shiown

The described methodology was used to find theigure 3. For better clarity, the names in the diaghave
bottlenecks in the conveyor network, correct themd a been abbreviated: So denotes Source, St denotegy&to
subsequently increase the efficiency of the systerfy_ denotes Conveyor, M_ denotes Machine and W_
Another objective is to compare the functionalityda denotes Workplace. Each element is also assigned a
evaluate the use and results obtained with twocksle numerical designation within the network for better
freely available versions of simulation tools. Thiagram Orientation in identifying bottlenecks.

C_29|—|c_30|—| c_31|—|c_35|—|C_36 |—| Cc_37 —’{] So c c_1 c.2
t t l
c_34| |c.15
c_6
1
| fon |
c_28 f c_7 c_3
. W_1 l
W_2
C_8
W_3
C_33 W_4
c_a
— w_s -—
- W_6 -—
NOK
——|c_20|—|c_19 |— “— [ C18 | +—| C_17 |—| C_16 [xgooss | [Rui |
c_27 "
i IGoods
/011—010‘—09 w8 C5
t
— W_9 —
Cc_26|—|c_25|—|c_2a|—|c_23|—|Cc_22 |— —| c_21 [/ NoK
- oo L— W10 —
— W11 —
L w2 .|

Figure 3 Diagram of the conveyor system (concepatibn of the problem)

The existing system under study consists of a et goods. After passing through these machines, thdgygo
roller conveyors connected to each other. The cmrge back into the storage bin where they await further
are used to transport parcels of returned goodthitthe processing. The source of the goods is the warehons
conveyor network, there is a large main branch andthe lower floors of the building, which is contirusly
smaller secondary branch through which the goods catocked and has sufficient inventory to supply ghstem
pass. In each branch there is a workstation wittnyen with packages for a full eight-hour shift. All cayors are
control staff that decides on the further progresshe 640mm wide and the parcel size is 500x400x100mra. Th
returned goods. If the goods are free from deféloey, are  individual conveyors consist of multiple parts that
passed onto the violet conveyor and go to the Wierev driven by their own motors. Motor speeds range ftbin
they await further processing. If the inspectioatish — 1.5 m/s. The speed of parcels entering the systed@
assesses that the returned goods are not freéeotsldhey pcs/min. The other parameters of the simulation ehod
pass them to the yellow or green conveyor. Eacthef were set to the values shown in Table 1.
conveyors passes through machines that cleanttieed
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Table 1 Table with system input data

Usage by Workstation Number of .
dEe’;Srr;dt]i%Sn incoming capacity wor kers/machi Tot[al C(;/aﬁSCIty ?ﬁ]e/;j
P inputs[%] [peshr] nes [pcs] P
Conveyor 80 Transport ,Of Transport ,Of 0.8
goods onl goods onl
. Transport of Transport of 0.1, 0.8, 0.4,
Blue main Conveyor_1-4 80 goods onl goods onl 0.
branch
Conveyor_5
(Workplace 5 - 80 121 32 3872 0.56
Workplace 12)
Conveyor_6-7 20 Transport ,Of Transport ,Of 0.35, 0.55
Blue goods onl goods onl
secondary Conveyor_8
branch (Workplace 1 - 20 90 16 1440 0.8
Workplace 4)
Conveyor_9- 11 10 Transport of Transportof g 59 0 69
goods onl goods onl
Violet main  Violet secondary
branch branch
Transport of Transport of 0.8,1.2,0.8,
Conveyor_12- 15 2 goods only goods only 0.53
Conveyor_16- 18 35 Transport of Transportof g g 08
goods onl goods onl
Yellow Conveyor_19
main eyor_ 35 800 1 800 0.1
(Machinel)
branch Transport of Transport of
Conveyor_20 35 goods only goods only 0.33
Conveyor_21 35 Transport ,Of Transport ,Of 0.8
goods onl goods onl
Greenmain ~ CONVeYor_22 35 800 1 800 0.1
(Machine)
branch
Transport of Transport of 0.1,0.7,08,
Conveyor_23-31 35 00ds onl 00ds onl 0.8, 0.6, 0.8,
9 y 9 Y 08,08,0.
Conveyor_32 18 Transport ,Of Transport ,Of 0.8
goods onl goods onl
Green Conveyor_33
secondary S 18 800 1 800 0.8
(Machine2)
branch Transport of Transport of
Conveyor_34 18 goods only goods only 08
Green end Conveyor_35- 37 100 Transport pf Transport pf 0.8, 1.5,0.8
conveyors goods onl goods onl

4 Simulation models and optimization of business processes. The apiplica
TPS is a 3D object-oriented program used for DESAN be obtained in various versions from paid pitmal
[26]. Machines, conveyors, people and embeddekicii  Versions to student free versions, which are lichtg the
analysis tools are referred to as objects. Therarogan Number of objects used in the model being creafed.
create digital twins containing manufacturing ornno Program allows the use of tools such as bottleaeakysis,
manufacturing processes, robots, automation, sgsteffatistical reports, graphs or Sankey diagrams/atuate
containing material handling and workers. It isamlt the efficiency of the system or the suitabilitymbposed
suitable for simulating, evaluating and implemegtin Measures. Compared to AnyLogic, the simulation rhode
advanced manufacturing techniques, equipment af@es not stop the simulation run in case of systegnioad,
operations to increase system flexibility. The peamy but records the progress in statistics and distimgs the
contains predefined Objects and functionS, butlsb a time for which individual ObjeCtS of the model merklng,
allows to write own methods or conditions necessary Waiting for the arrival of new goods or are blockeyl
the correct functioning of the system. The appiizais goods.
produced and distributed by the German company&ism  For the purposes of this paper, the Student vergam
PLM Software, which has |Ong been engaged in pmg|d used, which is limited to 80 placed objects, buthot

support and appropriate solutions in the fielchofivation ~ Otherwise functionally limited. The resulting modlthe
original conveyor system is shown in Figure 4.
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o = B —
Figure 4 Digital twin of the analyzed conveyor systin TPS

To compare the functionality of the simulationwhich is limited by the insertion of more sophiatied
programs, the same model was created in thlabjects (only conveyors and simple workstations or
aforementioned AnylLogic program, which is alsanachines can be inserted), but also by the lenftheo
available in different versions. For the purposéshis simulation run to 1 hour. Figure 5 shows a modethef
paper, the free version Personal Learning Editias wsed, original conveyor system in AnyLogic.

SR G g i > T
(] I
g e
-
[}
o () °

Figure 5 Digital twin of the analyzed conveyor systin AnyLogic

Due to limitations in simulation programs, theAnylogic in case no bottleneck was found in therto
workplaces are modelled as stations and the imqttra@ time. In the following subsections, the individual
personnel are not physically represented in theeatsod experiments and their results are presented.
Parameters of the stations (speed and method df, wor
procedure for goods inspection) correspond to tipaiti 5.1 I dentification of AnyLogic bottlenecks
control workers in their settings. Verification dahe When setting the parameters specified in the pnoble
functionality and effectiveness of the proposed suess formulation, the system crashed after 82 seconds of
was carried out only in TPS, as it allows for awdation  running the simulation in Anylogic and thus stopped
run of one shift. running completely. In Figure 6, the red ellipsdicates

the point of system collapse.
5 Simulation

The simulation was always run for 30 runs of thngth

corresponding to one shift in TPS and for 1 hour in

mmmm.

d

Figure 6 Identification of a bottleneck in AnyLogic

The program stopped running due to the fact theag bottleneck of the system is the first conveyorha main
not possible to send more goods to the system. Theanch (Conveyor_1), whose speed is 0.1 m/s, whah
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only able to send one package further into theesyst stopping. 6,762 returned packages entered thensyste
during the simulation run. It is not possible tsteet such 5,400 packages passed through the main branch) 1,35
a stopped run, only to repeat the complete run.sThuhrough the secondary branch and 6,672 packages wer
AnyLogic cannot identify multiple bottlenecks atcen stored for further processing. In Figure 7, the edlighse

because it stops the run on the first one found. again highlights a bottleneck in the system. tiésar that
the bottleneck will be on the blue main branch aiibbe
5.2 ldentification of Techomatix Plant either Source, Conveyor or Conveyor_1 (see Tabladl)
Simulation bottlenecks the rest of the system is not overwhelmed.

With identical settings of the model parametersSTP
performed a simulation run of the entire shift with

T i ] = -

L e i L
Figure 7 Identification of a bottleneck in TPS

In this situation, it is not possible to clearlysashich data into a diagram, where the work time is represkin
of the mentioned parts is the bottleneck, so inteaidto  green, the waiting time in grey and the blockingetiby
the simulation, TPS also records statistics. Thestmogoods in orange. The statistics also contain atatx such
important fragment of the statistics record is shaw as rebuilds, power on/off and faults, but theseshrvinput
Table 2. In addition to the name of the object,dtaistics data in the model and therefore cannot take vabtiesr
contain data on what percentage of the working tinge than 0. The statistics show that Source and Comvango
object worked, what percentage waited for the atrof blocked most of the time because the following
the next goods to be processed, and what perceoitdige Conveyor_1 link is too slow, even though it is ringnat
working time was blocked by goods that could not b&ill performance. The simulation results were thms in
passed on to the next object. Finally, it combitese 3 all 30 cases.

Table 2 Statistics for potential bottlenecks inlhe main branch

Object Working|Set-up|Waiting Blocked[Powering up/dowanailedIStopped]Paused Unplannedl Portion

Source 0.00%| 0.00%| 0.13%| 99.87% 0.00%|0.00%|  0.00%| 0.00% 0.00%

Conveyor 3 100.00%| 0.00%| 0.00%| 0.00%| 0.00%|0.00%| 0.00%| 0.00% 0.00% | EE——

Conveyor 2 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%| 0.00%| 0.00% 0.00% | EE—

Conveyor 4 100.00%| 0.00%| 0.00%| 0.00%) 0.00%|0.00%| 0.00%| 0.00%  0.00%|——————

Conveyor_5 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%|  0.00%| 0.00% 0.00%| ———

Conveyor 6 100.00%| 0.00% 0.00%| 0.00%) 0.00%|0.00%| 0.00%| 0.00% 0.00% | E————

Conveyor 15.71%| 0.00%| 0.00%| 84.29% 0.00%|0.00%|  0.00%| 0.00%| 0.00% =

Conveyor_1 100.00%| 0.00%| 0.00%| 0.00%| 0.00%|0.00%| 0.00%| 0.00%  0.00%|E————————
6 Newly proposed scenarios 6.1 Replacing motors of selected conveyors

In the following subsections, individual propostds The simulation runs showed that there is clearly 1

eliminating the identified bottlenecks in the systare bottleneckin the system (Conveyor_1) for whichrtt@or
presented. The individual proposals are consideogidin was replaced with a new one with a speed of 0.8 m/s
terms of simulation capabiliies and applicability  Newly 13,500 packages with returned goods entered t
practice. As a possible remedial action, the spohas System, 10,798 packages passed through the maiahhra
allowed the replacement of the conveyor motors wittv 2,700 through the secondary branch and 13,350 paska
ones with a speed of 0.8 m/s and the simulatiorbbas were stored for further processing. When the matene
able to identify the motor that needs to be regladde replaced, the speed of the parcel through the gamve
corrective actions are now only verified in TPSbiiter System was increased and the quantity processedls@ms
see the impact of the changes on the entire systéngcreased. After the motor replacement, new baitiks
throughout the working time. appeared, see Figure 8, where the system is dfeer t
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application of the corrective measure and the doitks
are marked with red ellipses.

|

e ——

[ =
[ =

/‘1—
I
{
=l
al
[ =
(= m
[ m
Rl
tn )

Figure 8 Newly identified bottlenecks

Potential bottlenecks in the yellow main branch ar€onveyor_19, because the previous section Machmel
Conveyor_18, Machinel or Conveyor_19 (see Table Blocked almost 20% of the working time by goodkds
The statistics (see Table 3) show that the badkris already processed but cannot send on.

Table 3 Statistics for potential bottlenecks inyle#iow main branch

Object IWOrking Set-up WaitingIBIocked Powering up/down|Failed Stopped]Paused Unplanned[ Portion
Conveyor_19| 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%| 0.00%]| 0.00%; 0.00% | E_—
Machine1 79.32%| 0.00%| 1.13%| 19.55% 0.00%]0.00%| 0.00%| 0.00%) 0.00%| I—
Conveyor_18| 100.00%| 0.00%| 0.00%| 0.00% 0.00%]0.00%| 0.00%| 0.00%) 0.00% | I ———

Potential bottlenecks in the green branch are Mehi previous article Machine is blocked more than 53%the
Conveyor_22, or Conveyor_23 (see Table 1). Thesditat working time by goods that it has already procedseatd
based on the results of all simulation runs (seleleTd) cannot send on.
show that the bottleneck is Conveyor_22, because th

Table 4 Statistics for potential bottlenecks ingieen main branch

Object |Working|Set-u WaitingJBIocl(ed Powering up/down Failed Stopped PausedIUnplannedI Portion
Machine 47.94%| 0.00%| 0.46%| 51.60%) 0.00%]0.00%| 0.00%| 0.00%) 0.00% | N—
Conveyor_22| 100.00%| 0.00% 0.00%| 0.00%) 0.00%|0.00%| 0.00%| 0.00%  0.00%|n—————
Conveyor_23| 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%| 0.00%| 0.00%j 0.00% | I————

Conveyor_22 and Conveyor_23 are 1 conveyor in the Conveyor_23) for which the motors were replacéith w
real system, which must be divided into 2 fragméntie new ones with a speed of 0.8 m/s. Newly 13500 metir
model for the reason that the correct transfer aifdg packages entered the system, 10,798 packages passed
between the green and violet main branch occutben through the main branch, 2,700 through the secgndar
program. For this reason, it will be proposed fdaee the branch and 13,417 packages were stored for further
motors of both conveyors (both parts in the reatey). processing. The replacement of the motors resitte

faster passage of the parcel through the convesgters,

Replacing motors on  Conveyor_19 and not an increase in the quantity of parcels prockssely
Conveyor_22 + Conveyor_23 an increase of 67 parcels stored for further pings

The simulation runs showed that there are 2 additio Figure 9 shows the system after the correctiv@asthave
bottlenecks in the system (Conveyor_19 and Convé&ar been implemented.

|
|

EEmEam— e )

Figure 9 The system after the implementation obdwnd wave of corrective actions
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At first glance, there are no more bottlenecksha t fragment of the statistics, which shows that maehifor
system. The statistics no longer show any objéetsdre repairing returned goods have to wait for a reddyivarge
blocked by goods that cannot be sent on. Tableo®sla part of the working time for the goods to arrive.

Table 5 Statistics for inefficiently used machines

Object |Working Set-up|/Waiting|Blocked Powering up/down|Failed|Stopped Paused|Unplanned Portion
Machine | 63.59%| 0.00%| 36.41%| 0.00% 0.00%{0.00%| 0.00%{ 0.00% 0.00% | —_—
Machine1| 63.97%| 0.00%| 36.03%| 0.00% 0.00%]0.00%| 0.00%{ 0.00% 0.00% | I—
Machine2| 31.53%| 0.00%| 68.47%| 0.00% 0.00%]0.00%| 0.00%] 0.00% 0.00% | —

Given the lower use of working machines, another
proposed action is to increase the speed of egterin Input rate 35 pcsmin
packages into the system, which should increase the The new speed is set to 35 pcs/min. 15,790 packages
amount of processed packages and thus the usekihgro with returned goods entered the system, 12,630k
time. passed through the main branch, 3,157 through the

secondary branch and 15394 packages were stored for
6.2 Changing theintendty of parcel entry into further processing.
the system (input rate) S

The speed of the system will be gradually incredsed ~ There are no neyvly gen_erated bottlenecks visibieen
5 pcs/min until the system is stable and no battee System and the statistics did not show any newhegsed
occur. If a speed is found at which the systenotsstable  bottienecks. Table 6 again shows the statistictiorepair

and new bottlenecks are Created, a new Speed CMjhge machine, the new machine utilization increased twem
be performed using sensitivity analyses. than 74% for machines on the main branch and temor

than 36% for machines on the secondary branch.

Table 6 Statistics for inefficiently used machines

Object |Working|Set-u Waiting_lslocked Powering up/down|Failed|Stopped Paused|Unplanned Portion
Machine | 74.15%| 0.00%| 25.85%| 0.00% 0.00%{0.00%| 0.00%{ 0.00% 0.00% | I—
Machine1| 74.65%| 0.00%| 25.35%| 0.00% 0.00%{0.00%| 0.00%| 0.00% 0.00%| —
Machine2| 36.87%| 0.00%| 63.13%| 0.00% 0.00%{0.00%|  0.00%{ 0.00% 0.00%| m—
Input rate 40 pcs/min and 45 pcg/min shown any newly generated bottlenecks. Table 7nagai

The new speed is set to 40 pcs/min. The systemdvas shows the statistics for the repair machine, the ne
received 18,000 returned parcels, 14,390 parcele hamachine utilization increased to 85% for the maehon
passed through the main branch, 3,600 through thee yellow branch, more than 84% for the machin¢hen
secondary branch and 17,889 parcels have beeml $twre green branch and more than 42% for the machinden t
further processing. The system is still stablerel@e no secondary branch.
newly generated bottlenecks and the statistics mmte

Table 7 Statistics for inefficiently used machines

Object |Working Set-u Waiting[BIocked Powering up/down Failed|Stopped Paused Unplanned Portion
Machine | 84.48%| 0.00%| 15.52%| 0.00% 0.00%|0.00%| 0.00%{ 0.00% 0.00% | I
Machine1| 85.00%| 0.00%| 15.00%| 0.00% 0.00%|0.00%| 0.00%{ 0.00% 0.00% | I——
Machine2| 42.03%| 0.00%| 57.97%| 0.00% 0.00%]0.00%| 0.00%{ 0.00% 0.00%| N—

For the next 30 simulation runs, the new speedtitos
45 pcs/min. 20,256 returned parcels entered thersys Input rate 50 pcs/min
16,202 parcels passed through the main branch04,05 The new model is set to a speed of 50 pcs/min. Newl
through the secondary branch and 20,127 parcele w&l,256 packages with returned goods entered thersys
stored for further processing. The system is stiilble, no 16,995 packages passed through the main brancB, 424
newly generated bottlenecks are evident and thistgta  through the secondary branch and 21,067 packages we
did not show any newly generated bottlenecks. Tdwe n stored for further processing. Table 8 shows tkealte - it
machine utilization increased to over 95% for thechine s clear that the system is no longer stable (lddabjects)
on the yellow branch, over 94% for the machine lea t and new bottlenecks have appeared.
green branch and over 47% for the machine on the
secondary branch.
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Table 8 Statistics for potential bottlenecks ingieen main branch

Object _|Working|Set-up|Waiting Blocked|Powering up/down Failed Stopped Paused Unplanned|  Portion
Source 0.00%| 0.00%| 9.14%| 90.86% 0.00%/0.00% 0.00%| 0.00%  0.00%
Conveyor 53.54%| 0.00%| 0.00%| 46.46% 0.00%|0.00%  0.00%| 0.00%|  0.00% m—
Conveyor 1 | 79.96%| 0.00%| 0.19%| 19.85% 0.00%|0.00% 0.00%| 0.00%|  0.00% E———
Conveyor 2 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00% 0.00%| 0.00%|  0.00%) EE——————
Conveyor 3 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%/0.00%  0.00%| 0.00%|  0.00%| E—————
Conveyor 4 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%]0.00% 0.00%| 0.00%  0.00%) E——
Conveyor 5 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00% 0.00% 0.00%  0.00% E————————
Workplace 5 | 98.61%| 0.00% 021% 1.18% 0.00%|0.00% 0.00% 0.00%|  0.00%) E——————
Workplace 6 | 98.67%| 0.00%| 021% 1.12% 0.00%/0.00% 0.00%| 0.00%|  0.00%| E—————
Workplace 7 | 98.93%| 0.00%| 0.21%| 0.86% 0.00%|0.00%  0.00%| 0.00%|  0.00%| E————
Workplace 8 | 98.83%| 0.00%| 0.22% 0.95% 0.00%|0.00%  0.00%| 0.00%|  0.00%| E—————
Workplace 9 | 99.02%| 0.00%| 0.22%| 0.76% 0.00%|0.00%  0.00%] 0.00%|  0.00%| E——————
Workplace 10| 98.85%| 0.00%| 0.23% 0.93% 0.00%/0.00%  0.00%| 0.00%|  0.00%| E—————
Workplace 11| 98.68%| 0.00%| 0.24%| 1.08% 0.00%|0.00%  0.00%| 0.00%|  0.00%) T
Workplace 12| 99.02%| 0.00%| 0.24%| 0.74% 0.00%|0.00%| 0.00%] 0.00%|  0.00% EE———————
Conveyor_16 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%  0.00%| 0.00%|  0.00%| E——————
Conveyor 17 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%  0.00%| 0.00%|  0.00%| E———————
Conveyor 18 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%  0.00%| 0.00%|  0.00%| n——————
Machine1 99.64%) 0.00%| 0.36%| 0.00% 0.00%|0.00%  0.00%| 0.00%|  0.00%| E——————

The statistics show that the bottleneck is onehef t be performed again with the newly found value. The
Conveyor_16 - Conveyor_18 (see Table 1), because thystem will be subjected to an input rate of 46mos
workstations are blocked by goods for a small pathe
working time. There is no way to change this sibrags Input rate 46 pcsmin and 47 pc¥min
all conveyors are already at the maximum speeleofiew The new speed is set to 46 pcs/min. 20,770 packages
motors of 0.8 m/s. with returned goods entered the system, 16,63 1aumsk

passed through the main branch, 41,53 through the
6.3 Sengitivity analysis of input rate secondary branch and 20633 packages were stored for

The maximum tolerable value for the input rate ofurther processing. Figure 10 shows the systent #ite
packets into the system is between <45:50) pcs/on. introduction of the new action. The system is stitible,
find a specific value, a sensitivity analysis witie there are no newly generated bottlenecks and dltistgts
performed where the intensity will be increasedrfré5 have not shown any newly generated bottlenecksiréig
pcs/min one piece at a time and 30 runs of sinadatiill 20 again shows the statistics for the repair maghtine

new machine utilization on the main branch is clase
100% and 49% for the machine on the minor branch.

: = .
< - Sl - |

N  — ﬂ;: L e J n
Figure 10 System after increasing the rate of plareatering the system to 46 pcs/min

The new speed is set to 47 pcs/min. 21,144 packadasgther processing. Figure 11 shows the systenr #fte
with returned goods entered the system, 16,912ggmsk introduction of the new measure. It is very clganf the
passed through the main branch, 4,228 through tfigure that the system is no longer stable and new
secondary branch and 20,990 packages were stored Hottlenecks have emerged.
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Figure 11 System after increasing the intensityastels entering the system to 50 pcs/min
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The statistics (see Table 9) show that the bottlei® situation as all conveyors are already at a maxirapeed
one of the Conveyor_16 - Conveyor_18 (see Table 19f 0.8 m/s. Based on the above simulation experiaien
because the workstations are blocked by goodsdaradl results, the maximum allowable value of packetrisitsy
part of the working time. There is no way to chatfye entering the system is 46 pcs/min.

Table 9 Statistics for potential bottlenecks ingieen main branch

Object Woridng[Set-up Waiting|Blocked Powering up/down Failed Stopped Paused Unplanned Portion
Conveyor 81.28%| 0.00%| 0.00%| 18.72% 0.00%|0.00%|  0.00%| 0.00% 0.00%| I—
Conveyor 1 | 88.76%| 0.00%| 2.30%| 8.94% 0.00%]0.00%  0.00%| 0.00% 0.00% | ——
Conveyor 2 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%|  0.00%| 0.00% 0.00%| I—
Conveyor_3 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%]  0.00%| 0.00% 0.00%| E—
Conveyor 4 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%|  0.00%| 0.00% 0.00%| E—
Conveyor 5 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%  0.00%| 0.00% 0.00%| EE———
Workplace 5 | 99.20%| 0.00%| 0.22%| 0.58% 0.00%|0.00%  0.00%| 0.00% 0.00%| —
Workplace 6 | 99.05%| 0.00%| 0.22%| 0.73% 0.00%|0.00%  0.00%| 0.00% 0.00%| I——
Workplace 7 | 99.14%| 0.00%| 0.22%| 0.64% 0.00%|0.00%  0.00%| 0.00% 0.00%| ———
Workplace 8 | 99.00%| 0.00%| 0.24%| 0.76% 0.00%|0.00%]  0.00%| 0.00% 0.00%| ————
Workplace 9 | 99.10%| 0.00%| 0.23%| 0.67% 0.00%|0.00%|  0.00%| 0.00% 0.00%| ————
Workplace_10{ 99.11%| 0.00%| 0.25%| 0.64% 0.00%|0.00%]  0.00%| 0.00% 0.00%| ————
Workplace 11| 99.07%| 0.00%| 0.27%| 0.66% 0.00%|0.00%|  0.00%| 0.00% 0.00%| ————
Workplace_12| 99.07%| 0.00%| 0.26%| 0.67% 0.00%]0.00%]  0.00%| 0.00% 0.00%| I
Conveyor_16 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%]  0.00%| 0.00% 0.00%| I
Conveyor_17 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%]  0.00%| 0.00% 0.00%| I
Conveyor_18 | 100.00%| 0.00%| 0.00%| 0.00% 0.00%|0.00%|  0.00%| 0.00% 0.00%| I
Machine1 99.35%| 0.00%| 0.65%| 0.00% 0.00%|0.00%]  0.00%| 0.00% 0.00%| E——

7 Resultscomparison parcels in pieces for the main model fragmentsshosvn
Based on experiments with simulation models creatdéd Table 10.

in AnyLogic and TPS to test potential improvemegntsl

efficiency of the conveyor network, a total of 3ttenecks Table 10 Results of the experiments

were identified. These were the conveyors withstbevest Modé Input Main ~ Secondary

motors. The primary proposed corrective action toq branch _branch
eliminate the bottlenecks is to replace the oldvegor twin g 6,762 5400 1,350 6,672
motors with new ones with a speed of 0.8 m/s. Keyfies =5 roive action 1 1350 1079¢ 2.70C  13.35(
used to assess the performance of the conveyoensyst correctiveaction2 13,500 10,79¢ 2,70 13,41
include throughput rate, utilization rates, blockand idle  Tnput rate 35 pcgmin_ 15,79C 12,63 3,15: 15,39«
times, and input rate stability. The proposed gearwere [nput rate40 pcgmin 18,000 14,39( _ 3,60C _ 17,88¢
tested under conditions identical to the origiyatem, and Input rate45 pcgmin 20,256 16,202 4,050 20,127
the simulation results were used to derive addiion Inputrate50 pcgmin  21,25¢ 16,99  4,24¢  21,06:
suggestions for increasing the efficiency of theveyor Input rate46 pcgmin  20,77( 16,63. 4,151  20,63!
network system, such as increasing the speed &hpgas Inputrate47 pcsmin 21,44 16,91 4,22¢  20,99(
entering the system. Due to the lower utilizatibworking
time for the repair machines, system stabilitygesere The throughput rate increased significantly follogyi
performed for the new values of the intensitiesttif the simulation interventions, with the system dizibp at
packages entering the system. The quantities ofmed a maximum input rate of 46 pcs/min. Compared to the
original setting, an increase of 16 pcs/min hasibeade.

Output
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Machine utilization increased by more than 30% lbm t we decided to perform all further experiments uding
main branch and almost 17% on the secondary branch. more robust TPS model. Through complex simulation
In addition to improving the state of the systeme,aim runs, three significant bottlenecks were identifigaht

was also to compare the AnyLogic and TPS simulatiamndered the throughput of the system. To mitightse
programs and several differences in the functionalf constraints, a series of experiments were conduled
both were found. The biggest difference is in thearying the input speed and adjusting the convepeed
functionality of the freely available versions ofiet in the target segments of the system. The restilisese
program, with TPS being limited by the number geots scenario tests allowed us to evaluate different
placed and AnyLogic, on the other hand, beingtéthby configurations and determine the optimal operating
the length of the simulation run in addition to theertion parameters that effectively minimized or eliminathe
of different types of objects. Another major diface is in  bottlenecks. The throughput rate increased signifig
the way the programs work, where AnyLogic termipatefollowing the simulation interventions, with the stgm
the run at the first bottleneck found in the systevhile stabilizing at a maximum input rate of 46 pcs/nviachine
TPS terminates the run only after a set time istred and and workstation utilization also improved, partanly for
any bottlenecks can be identified quite well frohe t critical machines, which operated near full capacit
generated statistics. Blocking times decreased, signaling smoother psoftes
Currently, the model contains machines that ari-fauand enhanced synchronization among system compmonent
free and their maintenance is carried out off-sHifs also  This study underscores the importance of using raxbah
considered that the goods returned by customersrdye simulation tools that allow for system analysisdentify
with minor defects that can be corrected by theairep and resolve complex bottlenecks. The findings mevi
machine. In the future, it would be useful to imd#uthe practical insights into the dynamic behavior of weyor
failure rate of machines in the model, to defireréjection systems and highlight the potential for improving
rate for sorted goods or to determine the finanaiad operational efficiency through strategic adjustreeiihis
energy intensity for individual objects in orderdbtain approach can serve as a valuable framework foragimi
even better results. In the case of a full versiomould analyses in other non-production conveyor apphces;
also be useful to include the input inspectionfstathe contributing to the development of more resiliemd a
model and to create shift schedules for them. lildialso efficient material handling processes. The broader
be useful to consider changing the probabilitiestfe significance of these findings extends beyond cgorve
distribution of goods at the first crossroads. Theystems to other industrial applications, whereilaim
distribution currently used corresponds to thesefithat methodologies can be leveraged to optimize work$low
system, but changing it to, for example, 75:25 013@ reduce downtime, and improve overall productivity.
could further increase the efficiency of the corarey  For the simulation tools’ comparison, we can codelu
system once the new measures are in place. Hovaagdr, (similarly as in [6]) that both tools have theiresigths and
a change is an intervention that is not yet fonredmethe are best suited for different applications. Anylogiideal
contracting authority in the future developmenttbé for projects requiring a blend of methodologiesg.(e.
system and thus has not been considered at present. combining agent-based and discrete event simugtamd
those needing flexible output visualization. Itamghical
8 Conclusion interface and drag-and-drop functionality makeagier to

This study highlights the critical role of simutati ~Ccreate models without extensive coding and it piswides
models in identifying and addressing inefficienaiéthin ~ clear, detailed, and customizable visualizatiorionyst for
conveyor systems. By employing targeted strategfimulation results. As one main disadvantage wetisee
adjustmentsl such as rep|acing |ow-performing cyore fact that it can StOp simulation runs when thet firs
motors and optimizing input rates, the system'sughput  bottleneck is detected, which can hinder comprefiens
increased  significantly while maintaining operatibn long-term analysis. The other problem lies in thede
stability. These interventions underscore the pigtefor ~ creation: while basic modeling is user-friendly, steging
simulation to guide decision-making, enabling mamago More complex functionalities and custom Java coding
prioritize  resources effectively, plan maintenancéequires significant learning time.
schedules, and test scenarios for enhanced resilien TPS excels in detailed manufacturing and logistics

The main goal was to find all the bottlenecks ia thSystems with built-in tools for complex conveyordan
system with conveyors and test the effect of theedp Production line modeling. This tool is suitable tois type
changes on the output of the system. At the sames the ©f problem offering built-in tools for detailed dysis,
aim was also to compare the capabilities of 2 yreepuch as bottleneck detection and throughput staist
available simulation tools - TPS and AnyLogic. Aating Provide clear insights into system performance.ikeni
to the rules and system data provided by the cliant AnyLogic, Plant Simulation can run through the ensihift
simulation model was created in both of these mimgr ©Of time period to show complete results for longrte
TPS and AnyLogic. Due to the limitations of AnyLogi analysis. The disadvantages of using this softivelede
which stops the simulation run when the first leotélck is €9 that the tool's extensive capabilities can nbere
detected, preventing a complete analysis of thieeestiift, Challenging to learn, especially for users unfaamitwith
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simulation software, its coding capabilities aret s
flexible or extensive as AnyLogic’s Java-basedaysand
simulating very detailed models can be resourcmsite
and may require powerful hardware.

[5] BANGSOW, S.:

Plant Simulation 3D, in
Manufacturing Simulation with Plant Simulation and
SimTalk: Usage and Programming with Examples and
Solutions Springer, Berlin, 2010.

The biggest advantage of these type of simulation https://doi.org/10.1007/978-3-642-05074-9_12

models lies in the ability to test system changeg within
the model without having to incorporate them itfite teal
process. This
integrating simulation-based approaches into gfiate
planning,
efficiency and competitiveness.  Analyzing
performance metrics such as throughput rate, atitin
rates, blocking and idle times, and input rate istab
provides valuable insights into conveyor systernciefficy.
These metrics help identify bottlenecks, underddi
resources, and workflow inefficiencies, enablinfpimed

organizations can optimize operations,
productivity, and proactively address potentialués
leading to improved overall performance.
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